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Abstract
BACKGROUND: Large-scale mutagenesis screens in the zebrafish employing the mutagen ENU have
isolated several hundred mutant loci that represent putative developmental control genes. In order to
realize the potential of such screens, systematic genetic mapping of the mutations is necessary. Here we
report on a large-scale effort to map the mutations generated in mutagenesis screening at the Max
Planck Institute for Developmental Biology by genome scanning with microsatellite markers.
RESULTS: We have selected a set of microsatellite markers and developed methods and scoring criteria
suitable for efficient, high-throughput genome scanning. We have used these methods to successfully
obtain a rough map position for 319 mutant loci from the Tübingen I mutagenesis screen and subsequent
screening of the mutant collection. For 277 of these the corresponding gene is not yet identified.
Mapping was successful for 80 % of the tested loci. By comparing 21 mutation and gene positions of
cloned mutations we have validated the correctness of our linkage group assignments and estimated the
standard error of our map positions to be approximately 6 cM. CONCLUSION: By obtaining rough map
positions for over 300 zebrafish loci with developmental phenotypes, we have generated a dataset that
will be useful not only for cloning of the affected genes, but also to suggest allelism of mutations with
similar phenotypes that will be identified in future screens. Furthermore this work validates the
usefulness of our methodology for rapid, systematic and inexpensive microsatellite mapping of
zebrafish mutations.
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Background: Large-scale mutagenesis screens in the zebrafish employing the mutagen ENU have
isolated several hundred mutant loci that represent putative developmental control genes. In order
to realize the potential of such screens, systematic genetic mapping of the mutations is necessary.
Here we report on a large-scale effort to map the mutations generated in mutagenesis screening
at the Max Planck Institute for Developmental Biology by genome scanning with microsatellite
markers.
Results: We have selected a set of microsatellite markers and developed methods and scoring
criteria suitable for efficient, high-throughput genome scanning. We have used these methods to
successfully obtain a rough map position for 319 mutant loci from the Tübingen I mutagenesis
screen and subsequent screening of the mutant collection. For 277 of these the corresponding gene
is not yet identified. Mapping was successful for 80 % of the tested loci. By comparing 21 mutation
and gene positions of cloned mutations we have validated the correctness of our linkage group
assignments and estimated the standard error of our map positions to be approximately 6 cM.
Conclusion: By obtaining rough map positions for over 300 zebrafish loci with developmental
phenotypes, we have generated a dataset that will be useful not only for cloning of the affected
genes, but also to suggest allelism of mutations with similar phenotypes that will be identified in
future screens. Furthermore this work validates the usefulness of our methodology for rapid,
systematic and inexpensive microsatellite mapping of zebrafish mutations.
Background
Large-scale mutagenesis screens in the zebrafish employ-
ing the mutagen ENU have isolated several hundred
mutant loci that represent putative developmental control
genes [1,2]. In order to realize the potential of such
screens, systematic genetic mapping of the mutations is
necessary. Genome scanning by bulked segregant analysis
with microsatellite markers is the method of choice for
such purposes, as a rough map position can be quickly
obtained [3,4]. In the zebrafish it is easy to perform map-
crosses against a polymorphic reference line, followed by
brother-sister matings among the F1 generation. Linkage
to a microsatellite marker can then be found by compar-
ing the band intensities of marker alleles in a pool of
mutant F2 individuals with a pool of their wildtype sib-
lings. Because full sibships are analyzed the genetic dis-
tance between the mutant locus and a microsatellite can
be determined by a simple count of recombinations.
The established reference map for the zebrafish genome is
the MGH map [5-7] which was generated by scoring 3,881
microsatellite markers (all of them CA repeats) on a panel
of 48 diploid F2 fish of an India × AB reference cross. It
covers 2,295 centimorgans (cM) at a resolution of 1.2 cM.
Because the MGH markers do not necessarily show a usa-
ble polymorphism in reference crosses of Tü × WIK our
first task was to identify markers that could be used in
such a cross.
Results and discussion
Selection of markers for genome scanning
Two sets of microsatellite markers for scanning the
genome were developed in parallel with the mutant map-
ping effort. The starting point was the testing of 314 mark-
ers for polymorphism in Tü × WIK crosses [8]. 72 markers
(3 per chromosome) were selected that showed a poly-
morphism between Tü and WIK, with bands easily distin-
guishable on agarose gels, in at least three out of five
reference crosses (zebrafish genome scan set version 1, or
G1). Additional markers from the MGH map that had
shown a robust polymorphism in fine-mapping experi-
ments were subsequently added, while markers that never
gave any confirmed linkage in our experiments or that
were omitted from the MGH map were removed from our
set, eventually resulting in the G4 set of 192 markers [9].
An alternate set of markers was generated by testing
another 1,092 microsatellite markers from the MGH map
in five reference crosses. 178 of these markers were poly-
morphic in all five reference crosses. Together with 14
additional markers these were selected for the H2 set of
192 markers (Table 1).
The average distance between markers of the G4 set is 11.6
cM, and all distances are smaller than 36 cM, except for a
71.1 cM interval on LG21 (between Z4425 and Z1497).
Within this particular interval few MGH markers are avail-
able, and no suitably polymorphic marker could be iden-
tified in our reference crosses. For the H2 set the average
distance is 11.5 cM, and all distances are smaller than 53.8
cM, except for a 83.3 cM interval on LG21. The more une-
ven chromosomal distribution of markers in the H2 setPage 2 of 9
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were already used in the G4 set.
Our mapping methodology as described below can theo-
retically detect significant linkage over a distance of
approximately 36 cM (assuming the genotyping of 48
mutant individuals). However, since the LOD score is pro-
portional to the number of individuals scored, this range
can be easily increased by adding more mutant individu-
als if a linkage is questionable. Our marker sets therefore
cover the genome adequately to detect significant linkage
with the great majority of mutant loci. All the mutant loci
mapped in this work have confirmed linkage to at least
one G4 or H2 marker (not shown if the closest flanking
markers were selected from outside the sets).
Mapping of mutant loci
We report here on the mapping of 319 mutant loci iden-
tified in the ENU-based Tübingen I mutagenesis screen
[1,2] and subsequent screening among the mutant collec-
tion (Additional file 1). For 42 of the loci the correspond-
ing genes have already been identified by other
researchers, as listed by the ZFIN database [10]; they are
included as controls for our mapping procedure (see
below). Not included are 70 successfully mapped loci for
which the corresponding genes were already published by
Table 1: Sets of microsatellite markers used for scanning the zebrafish genome
LG Marker set G4 Marker set H2
1 Z4593, Z9394, Z5508, Z1705, Z1351, Z9704, Z11464, Z6802, 
Z1781
Z11913, Z6384, Z9977, Z6415, Z7287, Z9395, Z22319, Z10978, 
Z11618
2 Z7634, Z4662, Z3430, Z1406, Z6617, Z1703, Z20550 Z13620, Z7361, Z9361, Z13281, Z21490, Z7678, Z10302, Z22544
3 Z872, Z8208, Z15457, Z9964, Z11227, Z3725, Z20058, Z6019 Z8364, Z9843, Z7419, Z8681, Z9662
4 Z1525, Z9920, Z21636, Z7490, Z984 Z7629, Z10983, Z23058, Z9319, Z17278, Z6503, Z11566
5 Z15414, Z11496, Z6727, Z10456, Z1390, Z3804, Z14143, Z4299, 
Z1202
Z6916, Z9106, Z9109, Z9969, Z7313, Z7291, Z22523, Z21290, 
Z10484, Z7318, Z13304
6 Z740, Z13275, Z880, Z6624, Z10183, Z5294, Z13614, Z7666, 
Z4297, Z1680
Z15448, Z8447, Z22253, Z13328, Z8245, Z9254, Z6330, Z9652, 
Z17248, Z9230, Z21901
7 Z3273, Z10785, Z1206, Z4706, Z1182, Z1059, Z8156, Z1239, 
Z13880, Z13936, Z5563
Z7479, Z7555, Z7069, Z8975, Z8540, Z6273, Z10451, Z22628
8 Z1634, Z1068, Z4323, Z13412, Z21115, Z789, Z10929, Z3526 Z7962, Z11492, Z21483, Z10121, Z11946, Z23039, Z23009
9 Z1777, Z6268, Z4673, Z5080, Z1805, Z20031, Z10789, Z4577 Z22173, Z9923, Z6845, Z9439, Z6574, Z6336, Z9975
10 Z9199, Z6410, Z8146, Z13632, Z1145, Z9701, Z3260 Z6648, Z22661, Z8318, Z9574, Z8705, Z7558, Z15444
11 Z10919, Z3362, Z13411, Z1393, Z3527, Z1590 Z11865, Z7657, Z11067
12 Z1778, Z21911, Z1473, Z4188, Z1358 Z7409, Z8755, Z8460, Z10225, Z22666, Z6442, Z7834, Z20142, 
Z11903
13 Z1531, Z5643, Z6104, Z13611, Z5395, Z1627, Z7102, Z6657, 
Z1826, Z6007
Z10513, Z9049, Z11695, Z22022, Z20208, Z20379, Z9357, Z8617, 
Z11459
14 Z1523, Z5436, Z1536, Z5435, Z4203, Z22107, Z1226, Z3984, 
Z1801
Z6545, Z8471, Z11694, Z9720, Z4592, Z20663, Z20214, Z9789, 
Z11837
15 Z6312, Z6712, Z21982, Z4396, Z11320, Z13230, Z13822, Z7381, 
Z5223
Z20627, Z21452, Z22027, Z11323, Z7070, Z6024, Z13927
16 Z3741, Z21155, Z6365, Z10036, Z1215, Z4670 Z10217, Z10671, Z11452, Z20177, Z6329, Z6240, Z6293, Z7956, 
Z20704
17 Z4268, Z1490, Z22083, Z22674, Z9847, Z1408, Z4053 Z7625, Z9179, Z8862, Z9633, Z9830, Z13631, Z13643
18 Z1136, Z1144, Z13329, Z8488, Z10008, Z3558, Z9154, Z5321 Z14136, Z9484, Z8525, Z7142, Z13260, Z14011
19 Z4009, Z160, Z3782, Z3816, Z11403, Z6661, Z7926, Z1803 Z1544, Z22649, Z22818, Z13773, Z6079, Z13727, Z9050, Z7265, 
Z10273
20 Z9334, Z10056, Z11841, Z3964, Z7158, Z3954, Z22041, Z8554, 
Z4329
Z10177, Z17204, Z10901, Z10756, Z7568, Z6973
21 Z3476, Z1274, Z4492, Z10960, Z4425, Z1497, Z4074 Z6174, Z6243, Z8230, Z9728, Z9236, Z20446, Z6087
22 Z1148, Z10673, Z9402, Z230, Z10321, Z21243 Z6613, Z10028, Z10324, Z11262, Z20168, Z21507, Z21252, Z11679
23 Z8945, Z4003, Z15422, Z4421, Z3157, Z176, Z1773 Z8362, Z11495, Z20643, Z7550, Z11391, Z14008
24 Z5075, Z1584, Z5413, Z23011, Z3399, Z22375, Z5657, Z3901 Z7349, Z10961, Z10458, Z13695, Z10529, Z6438, Z21908, Z6296, 
Z7132, Z9673
25 GOF15, Z1378, Z3490, Z5669, Z1462 Z21929, Z21722, Z13232, Z15480, Z10010, Z10578, Z21181
The G4 marker set [9] and the newly developed H2 marker set each consist of 192 microsatellite markers from the MGH map [5][6] which we 
selected for genome scanning in Tü × WIK crosses and electrophoresis on agarose gels. Up to two genome scans per mutation were performed 
with the G4 set (or its earlier versions). If no linkage could be confirmed and sufficient material was available, another two scans were subsequently 
performed with the H2 set. Additional markers from the MGH map were occasionally employed for scoring of mutant individuals. LG: linkage 
group.Page 3 of 9
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carriers of which were lost after mapping.
For each mutation we crossed mutant carriers against the
polymorphic reference line WIK which was established in
our lab for this purpose [8]. Brother-sister matings were
performed in the F1 and the F2 progeny was sorted by
phenotype. DNA was prepared on 96-well plates, and
aliquots of 36 – 48 mutant F2 individuals and their
wildtype siblings were pooled. Genome scanning was per-
formed by PCR of the mutant and sibling pools with the
markers of the G4 marker set, and the band intensities on
agarose gels were quantified semi-automatically using
NIH Image software as well as visually assessed to identify
potential linkages. Mutant and sibling pools representing
up to 24 different mutations were tested in parallel. Veri-
fication of the best potential linkages (up to six) for each
mutation was then attempted by performing PCR of the
respective marker with the individual mutants and sib-
lings that had been used for pooling, and counting the
recombinant genotypes (for the genotype data see Addi-
tional file 2). Siblings were always included on the same
gel as a control to confirm that the marker is polymorphic
and the two polymorphic bands appear at the proper fre-
quency. If no potential linkage could be verified for a
mutation and sufficient material was available, the proce-
dure was repeated once with the G4 marker set, and
another two times with the H2 marker set. If possible,
DNA was prepared from a different F1 pair for each
genome scan, since the Tübingen and WIK lines used are
not isogenic and markers that show no usable polymor-
phism in progeny of one F2 pair are therefore sometimes
usable in progeny of another one.
A potential linkage was considered confirmed if it had a
two-point LOD score equal or greater than 3. The individ-
uals were then genotyped for all polymorphic markers
from the same marker set and chromosomal region in
order to identify, if possible, a pair of markers flanking the
mutation, and if that was not possible, the two closest
markers on one side of the mutation. Occasionally addi-
tional markers not in the chosen marker set were also
included in the genotyping. Decisions on whether or not
a mutation was flanked by two markers were based on
whether recombinations with the markers occurred inde-
pendently. For details of the mapping procedure and the
calculation of map positions see the Methods section and
[9].
In total, mapping was attempted for 486 mutations from
the Tübingen I screen and subsequent screens of the
mutant collection and successful for 389, giving a success
rate of 80 %. 12 of these could be mapped only with the
H2 set. Unsuccessful mapping experiments were due to
difficulties in obtaining sufficient F2 individuals and to
PCR problems as well as to a lack of polymorphic markers
in our marker set. Among the mutations to be mapped, a
group of 63 was prioritized based on interest in their phe-
notypes. For each of these several additional mapcrosses
were set up (data not shown). 56 mutations of this group,
or 89 % were successfully mapped, providing a lower limit
for the percentage of mutations that our marker sets and
methodology is capable of mapping if sufficient F2 indi-
viduals are available. The biggest distance to markers on
either side at which we could confirm linkage was 31.9 cM
(for the mutation spt), approaching the theoretical cutoff
of 36 cM.
Chromosomal distribution of mutant loci
Between 1,400 and 2,400 zebrafish genes have been esti-
mated to have visible mutant phenotypes in embryonic
and early larval development [1,11]. Therefore the loci
reported in this work represent at least one eighth and
possibly as much as quarter of all the loci that can be
mutated to give a visible phenotype.
The number of mapped loci assigned to each chromo-
some is between 6 and 32 (on average 12.8 ± 5.8) (Figure
1). These numbers are not significantly correlated with the
number of mutant loci per chromosome identified by
insertional mutagenesis in the laboratory of N. Hopkins
([11,12] and unpublished data, available from ZFIN [10])
(R2 = 0.02 assuming a linear regression relationship) or
with the number of Ensembl genes per chromosome in
the Ensembl Zv6 assembly [13] (R2 = 0.19); by compari-
son, the values of Amsterdam et al. have a slightly stronger
correlation to the number of Ensembl transcripts (R2 =
0.28). Because mapping with our methodology was suc-
cessful for 80% of all mutations for which it was
attempted, possible deficiencies of the mapping method
cannot fully account for this low correlation. Rather, it
probably reflects an uneven distribution of genes with
specific, visible phenotypes in embryos or early larvae as
identified in ENU mutagenesis screening, and the absence
of such selectivity in the insertional mutagenesis experi-
ment, demonstrating that both types of mutagenesis
experiments complement each other in their coverage of
their genome. Moreover, we cannot rule out region-spe-
cific differences in ENU mutagenesis efficiency.
Assessment of mapping quality
In order to assess the quality of our mapping data we
looked at the 42 mutant loci that were cloned by other
researchers. For 21 of these independently derived map
positions of the affected gene are publicly available on
ZMAP (an integrated map produced by intercalating data
from several mapping panels into the MGH genetic map,
available from ZFIN [10]; Allen Day, Tom Conlin and
John H. Postlethwait, unpublished) (Table 2).Page 4 of 9
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BMC Genomics 2007, 8:11 http://www.biomedcentral.com/1471-2164/8/11A comparison of the linkage group assignments shows
that two of the 21 genes (frs/slc25a and ovl/ift88) are
assigned to a different linkage group by ZMAP, in both
cases based on results from the Heat Shock (HS) panel
[14-16]. However, several published linkages to genetic
markers support our linkage group assignment of frs/
slc25a [17] while our assignment of ovl/ift88 is supported
by the T51 panel (as shown on the ZFIN website) and by
the latest version of the HS map [18]. In conclusion, none
of our linkage group assignments is conclusively contra-
dicted by gene mapping.
Next we compared the map positions of the mutations
with those of the genes on ZMAP (using the median of the
ZMAP positions if a gene was placed on more than one
mapping panel). If we assume the gene positions to be
correct, we obtain a standard error of our mutant map
positions of 6.1 cM. Further assuming a normal distribu-
tion of errors, we can predict that approximately 95 % of
the genes should be within 12.2 cM (two standard errors)
of the rough mapping position of the mutation. Indeed,
17 out of the 19 genes mapped on the same chromosome
(90 %) are within two standard errors of the mutation,
and 16 out of 19 (84 %) within one standard error. Actu-
ally both mutation and gene mapping contribute to the
observed errors to an unknown degree, so that 6.1 cM
merely represents an upper limit for the standard error of
our mapping procedure.
Distribution of mapped mutations among the zebrafish chromosomesFigure 1
Distribution of mapped mutations among the zebrafish chromosomes. Light blue, ENU mutations mapped in the 
present work. Purple, insertional mutations from the laboratory of N. Hopkins ([11][12] and unpublished data, available from 
ZFIN [10]), shown for comparison. Numbers for insertional mutations were obtained by searching ZFIN for mutations with a 
"hi" designation assigned to each linkage group and eliminating multiple hits of the same gene as well as mutations with ambigu-
ous chromosomal assignments. Yellow, Ensembl genes predictions for each chromosome (× 100) (Ensembl release Zv6, availa-
ble from Ensembl [13]) The number of mapped mutations or genes is indicated on the vertical axis, the linkage group (LG) 
number on the horizontal axis.
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We have obtained rough map positions for over 300
zebrafish mutants with an accuracy of approximately 6 cM
and thereby validated the usefulness of our methodology
for rapid, systematic and inexpensive microsatellite map-
ping of zebrafish mutations. The dataset that we have pro-
duced is a first step towards identification of the genes
affected by the 277 mutations that are not yet cloned.
In candidate gene approaches, our data can substantially
narrow down the number of candidate genes, since on the
order of 99 % of the genome are outside the two-standard-
errors confidence limit of our map positions. Positional
cloning approaches in the absence of obvious candidate
genes will still require fine mapping by genotyping of
additional individuals and identification of more closely
linked markers, using the flanking markers identified by
us as starting points. Particularly thorough fine-mapping
is required in centromeric regions because the genetic
recombination rate is often several-fold reduced in such
regions [19], an effect that can be easily observed in the
zebrafish by comparing the genetic map and the radiation
hybrid map [9]. Nevertheless, we expect our map posi-
tions to be useful even without knowledge of the affected
genes, as they can suggest allelism of mutations with a
similar phenotype identified in future screens.
We have found that a relatively small number of micros-
atellite markers is sufficient to scan almost the entire
genome and that the experimental procedures are robust
and easy to perform. Other methods that have been pro-
posed for the mapping of mutant loci in the zebrafish
include half-tetrad analysis with microsatellite markers,
genome scanning with SNPs and microarray based SNP
mapping. While half-tetrad analysis requires only 25
markers to obtain a linkage group assignment [20-22], it
has the disadvantage that gynogenetic diploid fish must
be generated first, which makes this approach less conven-
ient for high-throughput analysis. In the course of the
ongoing zebrafish genome project, more than 50,000
SNPs have been identified [23] offering an enticing alter-
native to microsatellite markers, but SNP genotyping is far
more costly than the agarose based method employed by
us. Genotyping of SNPs in a bulked segregant panel is also
Table 2: Comparison of mutant and gene positions
Abbr. Allele LG Pos. Gene Gene Pos. Panels Diff.
acc tq206 3 52.3 atp2a1 54.00 T51, HS -1.70
boz th211 15 57.3 dharma 57.77 LN54, HS -0.47
cdy te216 11 0.5 slc11a2 0.00 HS 0.50
con tf18b 20 96.2 disp1 98.57 HS -2.37
dtr tm276b 6 85.3 gli1 85.40 MGH, HS -0.10
eya1 tm90b 24 36.2 eya1 42.90 LN54, T51 -6.70
frs tg280a 8 82.2 slc25a37 [LG17] HS a n.d.
ika tm127c 14 33.0 fgf24 34.97 T51 -1.97
kgg tl240a 14 57.2 cdx4 56.00 T51, HS, MOP 1.20
mfn tc263 1 37.2 tll1 37.10 MGH, HS 0.10
mib ta52b 2 20.9 mib 35.54 T51 -14.64
mon tg234 8 42.5 trim33 52.85 HS, T51 -10.35
mot tm303c 16 41.6 epb41 46.90 T51 -5.30
nic dtbn12 6 31.1 chrna1 43.62 HS, T51, MOP, LN54 -12.52
oep tz257 10 20.0 oep 12.20 LN54, T51 7.80
ovl tz288 9 50.1 ift88 [LG13] HS b n.d.
ris tb237 17 47.9 sptb 45.50 HS, MGH 2.40
spt tm41 8 94.2 tbx16 96.03 T51, LN54, MOP -1.83
suc tf216b 19 20.9 edn1 11.90 MGH, LN54, T51 9.00
ubo tp39 16 24.2 prdm1 28.08 LN54 -3.88
you ty97 7 40.5 scube2 37.90 HS 2.60
Map positions of mutations that were mapped in our project and cloned by other researchers are shown together with the ZMAP positions of the 
affected genes (publicly available from ZFIN [10]). The gene positions originate from several mapping panels: MGH [5] [6] [7]; Heat Shock (HS) [14] 
[15] [16], T51 [26] [27] [28] (Yi Zhou and Leonard Zon, unpublished data); LN54 [29] [30]; and Mother of Pearl (MOP) [31]. References to the 
original publications of the individual genes are not included here due to space constraints, but are likewise available from ZFIN. The map positions 
were subsequently intercalated into the MGH genetic map to produce the integrated ZMAP (Allen Day, Tom Conlin and John H. Postlethwait, 
unpublished). If a gene was mapped on more than one panel, the median position is shown. Only genes or gene-encoded markers directly placed on 
ZMAP are shown (rather than genes mapped through genomic clones or linked markers). Such data are available for 21 genes out of the 42 that are 
known to correspond to mutations in Additional file 1. Allele: allele designation; Abbr.: mutant abbreviation; LG: linkage group; Pos.: map position 
(cM distance from the top of the LG); Gene: gene symbol; Gene Pos.: Median gene position on ZMAP (cM distance from the top of the LG); Panels: 
mapping panels on which the gene was mapped; Diff.: difference between mutant and gene positions (cM). a Assignment to LG8 supported by 
published marker linkages [17]. b Assignment to LG9 supported by the T51 panel (as shown on the ZFIN website) and by the latest version of the 
HS map [18].Page 6 of 9
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SNPs identified to date are specific to the strains they were
developed from and may not be informative in map-
crosses performed with different strains (such as ours).
Furthermore such a microarray experiment replaces only
two steps in our mapping procedure, namely the pooled
PCR and its associated gel run, which represent only a
minor part of the total mapping effort, as compared to
fish breeding, sorting of F2 embryos and confirmation of
the bulked segregant results by genotyping of F2 individ-
uals. Future microarray based approaches may make it
possible to dispense with the genotyping of individuals
entirely, provided that a very large number of SNPs can be
multiplexed in a single microarray hybridization such that
it immediately provides a reliable map position. Mean-
while, genome scanning with microsatellite markers
remains the method of choice as it is equally suitable for
the mapping of individual mutations by laboratories with
limited genomics resources, and for high throughput
projects such as ours.
Methods
Fish breeding
Mapcrosses were set up between mutant carriers and the
laboratory reference line WIK [8] and brother-sister mat-
ings were performed between F1 individuals following
standard laboratory procedures [25].
DNA preparation
F2 embryos were sorted by phenotype and stored in
Eppendorf tubes with 100 % MeOH at -70°C until use.
Single embryos were arrayed on a 96-well microtiter plate
with a glass Pasteur pipette. The MeOH was evaporated on
a PCR block at 70°C and 25 μl of 1.7 mg/ml Proteinase K
in 1 × TE was added to each well. The plate was covered
with sealing film and heated to either 55°C or 70°C for
240 min and to 94°C for 10 min in a thermocycler. 10 μl
of each of the sibling and mutant lysates was pooled and
45 μl sterile ddH2O was added to the remainder. Plates
were stored at -20°C.
Genotyping
PCR was initially performed on mutant and sibling pools
for genome scanning, and subsequently on the individu-
als that had been used for the pooling in order to confirm
potential linkages to specific markers. 20 μl PCR reactions
were set up from 14.28 μl of reaction mix (2 μl of 10 ×
PCR buffer, 0.04 μl each of 100 mM dATP, dCTP, dGTP
and dTTP, 12.12 μl water), 0.16 μl each of 20 mM forward
and reverse primer, 0.4 μl of 5U/μl Taq polymerase, and 5
μl of template DNA. 10 × PCR buffer contained 100 mM
Tris-HCl (pH 8.3), 500 mM KCl, 15 mM MgCl2 and 0.1 %
(w/v) gelatin. All pipetting was done with a Biomek 2000
robot. Cycling was carried out by initially denaturating at
94°C for 2 min, 35 cycles of denaturation at 94°C for 30
sec, annealing at 60°C for 30 sec and extension at 73°C
for 1 min, and a final extension at 73°C for 5 min. 5 μl of
6 × loading buffer were added to each sample, and electro-
phoresis was carried out at 200 V for 45 min in 1 × TBE
buffer, on 2 % agarose gels. Gels were imaged and scored
semi-automatically with NIH Image and a set of custom-
designed macros.
Calculation of map positions
Distances between mutations and markers were calcu-
lated by determining the recombination fraction in the
mutant F2 individuals and applying the Kosambi map-
ping function. Linkages with a two-point LOD score equal
or greater 3 were regarded as significant.
In order to place a mutation in the genetic interval
between the closest marker and another linked marker we
determined whether recombinations for both of them
were correlated. For this purpose we considered only sin-
gle recombinants for the closest marker, i.e. heterozy-
gotes. If the majority of these were heterozygous for the
second marker we regarded the recombinations as uncor-
related and placed the mutation in the interval between
the markers. Otherwise we placed the mutation outside
the interval in the direction opposite from the second
marker.
Assuming complete meiotic interference, i.e. only a single
recombination event per chromosome, all recombinants
for the first marker should be either non-recombinant for
the second marker if the markers flank the mutation, or
heterozygous if both markers are on the same side of the
mutation. In our data approximately half of the mutations
gave results in between these extremes. This may be due to
occasional contaminations of the PCR assays but also to
less than complete meiotic interference, which would
allow a second recombination in the same individual. We
therefore did not eliminate any contradictory individuals
from the calculation of genetic distances as they may rep-
resent a genuine second recombination.
If a mutation could be placed in an interval between two
markers, a map position was calculated by scaling the
observed distances between the mutation and the markers
so as to fit into the published distance between the mark-
ers. In the remaining cases only the distance to the closest
marker was used to calculate the map position. A File-
Maker Pro 5 database was used to store the scoring data
and perform the calculations [9]. The latest version of the
MGH map, available through ZFIN [10], was used as a ref-
erence for calculating map positions.
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Note added in proof
For the following mutations, still listed as uncloned in
Additional file 1, the corresponding genes have been
reported by other researchers: beo, blu, hap, leo, obe, san,
stu. For references see the ZFIN database  [10].
Additional material
Acknowledgements
This paper is dedicated to the memory of two deceased colleagues: Pascal 
Haffter, who conceived the large-scale mapping approach and initially 
supervised the project; and Ulrike Martyn, who contributed to the experi-
mental work. For contributions to the experimental work we are also 
indebted to Claudia Bernardo de Oliveira, Katy Hingst, Tüzer Kalkan and 
Jeremy Keenan. We would like to thank Hans-Georg Frohnhöfer (Tübingen 
zebrafish stockcenter) for providing mutant carriers for mapcrosses and for 
information on allele nomenclature and availability. This work was sup-
ported by the German Human Genome Project (DHGP Grant 01 KW 
9627 and 01 KW 9919).
References
1. Haffter P, Granato M, Brand M, Mullins MC, Hammerschmidt M, Kane
DA, Odenthal J, van Eeden FJ, Jiang YJ, Heisenberg CP, Kelsh RN,
Furutani-Seiki M, Vogelsang E, Beuchle D, Schach U, Fabian C,
Nüsslein-Volhard C: The identification of genes with unique
and essential functions in the development of the zebrafish,
Danio rerio.  Development 1996, 123:1-36.
2. Haffter P, Odenthal J, Mullins MC, Lin S, Farrell MJ, Vogelsang E, Haas
F, Brand M, van Eeden FJM, Furutani-Seiki M, Granato M, Hammer-
schmidt M, Heisenberg CP, Jiang YJ, Kane DA, Kelsh RN, Hopkins N,
Nüsslein-Volhard C: Mutations affecting pigmentation and
shape of the adult zebrafish.  Dev Genes Evol 1996, 206:260-276.
3. Michelmore RW, Paran I, Kesseli RV: Identification of markers
linked to disease-resistance genes by bulked segregant anal-
ysis: a rapid method to detect markers in specific genomic
regions by using segregating populations.  Proc Natl Acad Sci U
S A 1991, 88(21):9828–32.
4. Ruyter-Spira CP, Gu ZL, Van der Poel JJ, Groenen MA: Bulked seg-
regant analysis using microsatellites: mapping of the domi-
nant white locus in the chicken.  Poult Sci 1997, 76(2):386-391.
5. Knapik EW, Goodman A, Atkinson OS, Roberts CT, Shiozawa M, Sim
CU, Weksler-Zangen S, Trolliet MR, Futrell C, Innes BA, Koike G,
McLaughlin MG, Pierre L, Simon JS, Vilallonga E, Roy M, Chiang PW,
Fishman MC, Driever W, Jacob HJ: A reference cross DNA panel
for zebrafish (Danio rerio) anchored with simple sequence
length polymorphisms.  Development 1996, 123:451-460.
6. Knapik EW, Goodman A, Ekker M, Chevrette M, Delgado J, Neuhauss
S, Shimoda N, Driever W, Fishman MC, Jacob HJ: A microsatellite
genetic linkage map for zebrafish (Danio rerio).  Nat Genet
1998, 18(4):338-343.
7. Shimoda N, Knapik EW, Ziniti J, Sim C, Yamada E, Kaplan S, Jackson
D, de Sauvage F, Jacob H, Fishman MC: Zebrafish genetic map
with 2000 microsatellite markers.  Genomics 1999,
58(3):219-232.
8. Rauch GJ, Granato M, Haffter P: A polymorphic zebrafish line for
genetic mapping using SSLPs on high-percentage agarose
gels.  Technical Tips Online 1997:T01208.
9. Geisler R: Mapping and cloning.  In Zebrafish, A Practical Approach
Edited by: Nüsslein-Volhard C, Dahm R. Oxford , Oxford University
Press; 2002:175-212. 
Additional file 1
Mapping results. Listed are 319 mutant loci identified in the ENU-based 
Tübingen I mutagenesis screen [1,2] and subsequent screening among the 
mutant collection. Descriptions of all listed mutations are available from 
the ZFIN database [10]. The list includes 42 mutations for which the cor-
responding gene was identified by other researchers according to ZFIN. 
References to the original publications are not included due to space con-
straints, but are likewise available from ZFIN. We recognize the priority 
of mapping results already published for these 42 mutations, but include 
the mutations here as controls for our mapping data (see Table 2). Allele: 
allele name. Abbr: mutant abbreviation (or "unm" for unnamed 
mutant). LG: linkage group. Pos: map position deduced from the two 
markers listed further to the right, in cM from the top of the linkage group. 
Gene: symbol of the corresponding gene as listed by ZFIN (or "n.d." if not 
identified). Marker1: closest marker. Marker2: closest marker on the 
other side of the mutation (if available) or second closest marker on the 
same side. Pos1, Pos2: marker position on the MGH map, in cM from the 
top of the linkage group. Dis1, Dis2: distance between mutant locus and 
marker, in cM. LOD1, LOD2: LOD score for two-point linkage between 
the mutant locus and marker ("inf" for infinite if no recombinants were 
found). n1, n2: number of F2 individuals successfully scored. * Marker 2 
was determined to be on the same side of the mutant locus as marker 1, 
since the majority of recombinants for marker 1 is also recombinant for 
marker 2. However, no usable marker was found on the other side. In 
these cases only the distance from marker 1 is used to calculate the map 
position. ** One of the F1 individuals is homozygous for marker 2, allow-
ing only recombinations in the other individual to be scored. Such linkages 
are listed in order to support chromosomal assignments if no other usable 
marker was found. However, the distances are not comparable to the sex-
averaged map because male and female recombination rates differ to an 
unknown extent. In these cases the mutation is placed at the position of 
marker 1. *** ali and bxe have ambiguous positions because marker 1 
and marker 2 are on the same side of the mutant locus and the distance 
to both markers is the same. Thus, ali can be placed either at 107.5 or 
134.0 cM from the top of LG21, and bxe either 34.7 or 78.7 cM from 
the top of LG13.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-8-11-S1.csv]
Additional file 2
Genotypes. This file lists the scoring results of individual F2 fish that were 
used to determine the map positions of the mutations. Row: template plate 
row, identifies the individuals scored; one row of the file corresponds to 
two rows of wells on a microtiter plate. Abbr: mutant abbreviation. Allele: 
mutant allele. Marker: marker name. Genotypes: 24 genotypes, encoded 
as follows: "1", homozygous for the upper band (which may be either Tü 
or WIK, dependent on the marker and F1 cross), "2", homozygous for the 
lower band, "3", heterozygous, "0" or "-", not determined (bad gel lane 
or microtiter well, respectively).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-8-11-S2.csv]Page 8 of 9
(page number not for citation purposes)
BMC Genomics 2007, 8:11 http://www.biomedcentral.com/1471-2164/8/11Publish with BioMed Central   and  every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
10. The Zebrafish Information Network (ZFIN)   [http://zfin.org]
11. Amsterdam A, Nissen RM, Sun Z, Swindell EC, Farrington S, Hopkins
N: Identification of 315 genes essential for early zebrafish
development.  Proc Natl Acad Sci U S A 2004, 101(35):12792–7.
12. Golling G, Amsterdam A, Sun Z, Antonelli M, Maldonado E, Chen W,
Burgess S, Haldi M, Artzt K, Farrington S, Lin SY, Nissen RM, Hopkins
N: Insertional mutagenesis in zebrafish rapidly identifies
genes essential for early vertebrate development.  Nat Genet
2002, 31(2):135-140.
13. Ensembl Zebrafish   [http://www.ensembl.org/Danio_rerio]
14. Kelly PD, Chu F, Woods IG, Ngo-Hazelett P, Cardozo T, Huang H,
Kimm F, Liao L, Yan YL, Zhou Y, Johnson SL, Abagyan R, Schier AF,
Postlethwait JH, Talbot WS: Genetic linkage mapping of
zebrafish genes and ESTs.  Genome Res 2000, 10(4):558-567.
15. Postlethwait JH, Woods IG, Ngo-Hazelett P, Yan YL, Kelly PD, Chu
F, Huang H, Hill-Force A, Talbot WS: Zebrafish comparative
genomics and the origins of vertebrate chromosomes.
Genome Res 2000, 10(12):1890-1902.
16. Woods IG, Kelly PD, Chu F, Ngo-Hazelett P, Yan YL, Huang H,
Postlethwait JH, Talbot WS: A comparative map of the zebrafish
genome.  Genome Res 2000, 10(12):1903-1914.
17. Shaw GC, Cope JJ, Li L, Corson K, Hersey C, Ackermann GE, Gwynn
B, Lambert AJ, Wingert RA, Traver D, Trede NS, Barut BA, Zhou Y,
Minet E, Donovan A, Brownlie A, Balzan R, Weiss MJ, Peters LL, Kap-
lan J, Zon LI, Paw BH: Mitoferrin is essential for erythroid iron
assimilation.  Nature 2006, 440(7080):96-100.
18. Payseur BA, Nachman MW: Microsatellite variation and recom-
bination rate in the human genome.  Genetics 2000,
156(3):1285-1298.
19. Guryev V, Berezikov E, Cuppen E: CASCAD: a database of anno-
tated candidate single nucleotide polymorphisms associated
with expressed sequences.  BMC Genomics 2005, 6:10.
20. Stickney HL, Schmutz J, Woods IG, Holtzer CC, Dickson MC, Kelly
PD, Myers RM, Talbot WS: Rapid mapping of zebrafish muta-
tions with SNPs and oligonucleotide microarrays.  Genome Res
2002, 12(12):1929-1934.
21. Brand M, Granato M, Nüsslein-Volhard C: Keeping and raising
zebrafish.  In Zebrafish, A Practical Approach Edited by: Nüsslein-Vol-
hard C, Dahm R. Oxford , Oxford University Press; 2002:7-37. 
22. Kwok C, Korn RM, Davis ME, Burt DW, Critcher R, McCarthy L, Paw
BH, Zon LI, Goodfellow PN, Schmitt K: Characterization of
whole genome radiation hybrid mapping resources for non-
mammalian vertebrates.  Nucleic Acids Research 1998,
26(15):3562-3566.
23. Kwok C, Critcher R, Schmitt K: Construction and characteriza-
tion of zebrafish whole genome radiation hybrids.  Methods
Cell Biol 1999, 60:287-302.
24. Geisler R, Rauch GJ, Baier H, van Bebber F, Broß L, Dekens MP, Fin-
ger K, Fricke C, Gates MA, Geiger H, Geiger-Rudolph S, Gilmour D,
Glaser S, Gnugge L, Habeck H, Hingst K, Holley S, Keenan J, Kirn A,
Knaut H, Lashkari D, Maderspacher F, Martyn U, Neuhauss S, Haffter
P, et al.: A radiation hybrid map of the zebrafish genome.  Nat
Genet 1999, 23(1):86-89.
25. Hukriede NA, Joly L, Tsang M, Miles J, Tellis P, Epstein JA, Barbazuk
WB, Li FN, Paw B, Postlethwait JH, Hudson TJ, Zon LI, McPherson
JD, Chevrette M, Dawid IB, Johnson SL, Ekker M: Radiation hybrid
mapping of the zebrafish genome.  Proc Natl Acad Sci U S A 1999,
96(17):9745-9750.
26. Chevrette M, Joly L, Tellis P, Knapik EW Miles, J., Fishman M, Ekker
M: Characterization of a zebrafish/mouse somatic cell hybrid
panel.  Genomics 2000, 64(1):119-126.
27. Postlethwait JH, Yan YL, Gates MA, Horne S, Amores A, Brownlie A,
Donovan A, Egan ES, Force A, Gong Z, Goutel C, Fritz A, Kelsh R,
Knapik E, Liao E, Paw B, Ransom D, Singer A, Thomson M, Abduljab-
bar TS, Yelick P, Beier D, Joly JS, Larhammar D, Talbot WS, et al.:
Vertebrate genome evolution and the zebrafish gene map.
Nature Genetics 1998, 18(4):345-349.Page 9 of 9
(page number not for citation purposes)
